Nucleases play important roles in nucleic acid metabolism. Some archaea encode a conserved protein known as Hef-associated nuclease (HAN). In addition to its C-terminal DHH nuclease domain, HAN also has three N-terminal domains, including a DnaJ-Zinc-finger, ribosomal protein S1-like, and oligonucleotide/oligosaccharide-binding fold. To further understand HAN's function, we biochemically characterized the enzymatic properties of HAN from Pyrococcus furiosus (PfuHAN), solved the crystal structure of its DHH nuclease domain, and examined its role in DNA repair. Our results show that PfuHAN is a Mn 2+ -dependent 3 -exonuclease specific to ssDNA and ssRNA with no activity on blunt and 3 -recessive double-stranded DNA. Domain truncation confirmed that the intrinsic nuclease activity is dependent on the C-terminal DHH nuclease domain. The crystal structure of the DHH nuclease domain adopts a trimeric topology, with each subunit adopting a classical DHH phosphoesterase fold. Yeast two hybrid assay confirmed that the DHH domain interacts with the IDR peptide of Hef nuclease. Knockout of the han gene or its C-terminal DHH nuclease domain in Haloferax volcanii resulted in increased sensitivity to the DNA damage reagent MMS. Our results imply that HAN nuclease might be involved in repairing stalled replication forks in archaea.
INTRODUCTION
DNA replication and repair are vital for all living cells to stabilize their genetic information. The molecular mechanism of DNA metabolism has been studied in many kinds of organisms from the three domains of life: bacteria, eukarya and archaea (1) . The bacterial and archaeal/eukaryotic replication systems evolved from two independent branches (2) . Because archaea use a simplified eukaryotic DNA replication and repair system (3, 4) , it is an ideal model for gaining clues to the molecular mechanisms of eukaryotic nucleic acid metabolism.
Studies on replication restart in bacteria strongly suggest that many replication forks will stop when they encounter a roadblock or DNA damage. Replication restart pathways function both in bacterial and eukaryotic cells, and key roles of related proteins in these processes are conserved. RecBCD, DnaC and XerCD are the core repair factors for repairing stalled replication forks in bacteria (5) . In eukaryotes, MUS81, XPF and FANCM are involved in replication restart, DNA repair, and meiotic recombination, respectively (6) . However, compared with bacteria, DNA replication and repair are poorly understood in archaea. Archaeal Hef nuclease is essential for cell viability, and when the Holliday junction resolvase Hjc is absent, it provides an alternative pathway to restart stalled DNA replication forks (7) . It was reported that a new nuclease, which associates with Hef, contributes to restarting the stopped replication forks during DNA replication. This Hef-associated nuclease (HAN) from Thermococcus kodakarensis (T. kodakarensis) is a 3 -exonuclease and has a classical nuclease domain from the DHH phosphoesterase superfamily (8) .
The DHH phosphoesterase superfamily possesses a diagnostic motif consisting of three conserved DHH residues and commonly exists in eukaryotic, bacterial and archaeal genomes. DHH phosphoesterases have many functions in cells, such as participating in DNA repair, hydrolysing cyclic nucleoside messengers, and recycling RNA (9, 10) . The DHH phosphoesterase superfamily is divided into the DHHA1 and DHHA2 subfamily based on differences in the C-terminal conserved motif VII (9) . The DHHA1 subsuperfamily includes bacterial RecJ nuclease, archaeal GINSassociated nuclease (GAN), nanoRNase (Nrn), HAN and YybT families. The DHHA2 subsuperfamily includes inorganic pyrophosphatase (PPase) II, yeast exopolyphosphatase, Drosophila prune protein, and pApase families. To date, additional novel DHH nucleases have been identified and characterized. Some studies have been performed to elucidate their biochemical properties and physiological roles. Each family within the DHH superfamily is characterized by different activities, substrate profiles, and in vivo functions. Bacterial RecJ has intrinsic 5 -exonuclease activity and functions primarily in DNA recombination repair (11) , mismatch repair (12) , and base excision repair pathways (13) . Archaeal GAN is the homologue of bacterial RecJ (14) and has 5 -and 3 -exonuclease activities on ssDNA and ssRNA, respectively (15, 16) . Archaeal GAN forms a complex with GINS, and its nuclease activity is stimulated by GINS (15, 16) . It is hypothesized that archaeal GAN functions as a nuclease to remove RNA primers or to proofread mismatched RNA primers (16, 17) . Other possible functions of archaeal GAN include DNA repair and unwinding chromosomal DNA during DNA replication (18) . Archaeal GAN and eukaryotic Cdc45 are considered to be counterparts in their respective functions for replicative helicases (19, 20) . The Nrn family specifically degrades short nanoRNA (2-5 nt) and pAp, as well as c-di-AMP (21) . NrnA (Rv2837c) from Mycobacterium tuberculosis is a DHH-DHHA1 phosphoesterase that hydrolyses c-di-AMP, which regulate many cellular processes such as sporulation, cell wall homeostasis, virulence, etc. (22) . The YybT family mainly exhibits phosphodiesterase (PDE) activity on c-di-AMP and downregulates the levels of signaling molecules (23) . Similar to HAN, YybT also has an N-terminal noncatalytic domain that has ATPase activity. PPase II, which has a DHHA2 motif, can hydrolyse inorganic pyrophosphate (PPi) into phosphate (24) .
During the coordinated repair of interstrand cross-linked DNA damage, both Hef and HAN potentially function as nucleases by interacting with the sliding clamp PCNA in T. kodakarensis. Detailed analysis revealed that the Hef internal disordered region (IDR) interacts with HAN, though it does not bind to PCNA and HAN simultaneously (8) . During the repair process, T. kodakarensis HAN (TkoHAN) functions as an exonuclease and probably acts after strand incision at the stalled fork to start homologous recombination or to remove lesions during the repair process, similar to nucleotide excision repair (25) .
Although HAN is a candidate nuclease for repairing interstrand cross-linked DNA damage (8) , its role in DNA repair and/or oligo(ribo)nucleotides degradation remains unclear. To elucidate its structure and function in detail, HAN from the hyperthermophilic archaea Pyrococcus furiosus was fully biochemically characterized, and the crystal structure of its C-terminal DHH nuclease domain was solved. Subsequently, Haloferax volcanii was used as a model strain to examine its possible role(s) in DNA repair by deleting the han gene and its respective coding sequences for N-terminal non-nuclease domain and Cterminal nuclease domain and by assaying the growth curve in the presence of DNA damage reagents. Our results show that P. furiosus HAN (PfuHAN) exhibits Mn 2+ -dependent ssDNA/ssRNA-specific 3 -exonuclease activity. PfuHAN prefers 12-25 nt ssDNAs and ssRNAs. Meanwhile, doublestranded DNA (dsDNA) with a 3 -overhang/fork could be digested from the 3 -ssDNA termini, and completely digested products were generated. The nuclease activity of PfuHAN is derived from its C-terminal DHH domain, not its N-terminal domain. Topology of the DHH nuclease domain (DND) is similar to those of DHH phosphoesterases but exists as a trimer. Disruption of the trimer results in decreased nuclease activity. Based on results from the yeast two-hybrid assay, the DHH domain of DND interacts with the IDR domain of Hef nuclease. Interaction between ssDNA and DND of PfuHAN were stimulated, and the effects on nuclease activity were confirmed. Knockout of the han gene or its C-terminal dnd fragment resulted in increased sensitivity to the DNA damage reagent MMS in H. volcanii. Collectively, our results allow us to propose a model to interpret the function of HAN as a nuclease in repairing DNA damage generated by MMS. Our results provide new clues on the roles of HAN in genome stability in archaea.
MATERIALS AND METHODS

Materials
The oligonucleotides used in this study were purchased from Takara (Dalian, China). Escherichia coli strain DH5␣ was used for gene cloning, and the Rosetta2(DE3)pLysS strain was used for recombinant protein expression. The expression vectors pET28a and pDEST17 were used to express recombinant proteins. The H. volcanii strain and plasmids for gene knockout were provided by Dr Allers (University of Nottingham, UK). Pyrococcus furiosus genomic DNA was purchased from the American Type Culture Collection (ATCC). KOD-plus DNA polymerase was purchased from Toyobo. Nickel-nitrilotriacetic acid resin was purchased from Bio-Rad. The crosslinking reagent BS3 and the DNA damage reagents 4-nitroquinoline-1-oxide (4NQO), mitomycin C (MMC), and methyl methanesulfonate (MMS), methyl methanesulfonate (MMS), N3-methyladenine and adenine were purchased from SigmaAldrich (St Louis, MO). All other chemicals and reagents were of analytical grade.
Preparation of recombinant proteins
Pyrococcus furiosus han (ORF PF0399) and H. volcanii han (ORF Hvo1018) genes were amplified from respective genomic DNA by PCR using specific primers (Supplementary Table S1 ) and then inserted into pDEST17 and pET28a vectors, respectively (26 ), and the N-terminal single and combined DnaJ-Zf, RpS1-like, and OB-fold domains, were also constructed. Amino acid substitutions were introduced into PfuHAN or its truncated version with a QuikChange® Site-Directed Mutagenesis Kit using KOD-plus DNA polymerase and appropriate primers (Supplementary  Table S1 ). Nucleotide sequences were confirmed by DNA sequencing.
Recombinant plasmids were introduced into the Rosetta2(DE3)pLysS strain to express recombinant proteins. Isopropylthio-␤-galactoside (0.5 mM final concentration) was added to a bacterial culture (OD 600 = 0.6) to induce recombinant protein expression. Recombinant proteins were purified via immobilized Ni 2+ affinity chromatography as follows: the bacterial pellet was resuspended in lysis buffer (20 mM Tris-HCl (pH 8.0), 300 mM NaCl, 5 mM ␤-mercaptoethanol, 5 mM imidazole, 1 mM phenylmethylsulfonyl fluoride and 10% glycerol) and then disrupted by sonication. After incubation for 15 min at 75
• C, cell extracts were clarified by centrifugation at 16 000 g for 30 min. After loading the supernatants onto columns pre-equilibrated with lysis buffer, resins were washed with 100 column volumes of lysis buffer containing 20 mM imidazole. Finally, bound proteins were eluted from the column using elution buffer (20 mM Tris-HCl (pH 8.0), 300 mM NaCl, 5 mM ␤-mercaptoethanol, 200 mM imidazole and 10% glycerol). After verifying the purity of the eluent using 15% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), preparations were dialyzed using a storage buffer (20 mM Tris-HCl (pH 8.0), 100 mM NaCl and 50% glycerol) and then stored in small aliquots at −20
• C. HvoHAN was expressed and purified according to the above protocol for PfuHAN. However, the 300 mM NaCl was replaced with 1 M KCl in lysis, washing and elution buffers. Finally, purified HvoHAN was dissolved in a storage buffer consisting of 20 mM Tris-HCl (pH 8.0), 500 mM KCl and 50% glycerol and stored at −20
• C.
Biochemical characterization of exonuclease activity
PfuHAN nuclease activity was first characterized in basic buffer consisting of 20 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM dithiothreitol (DTT), 2.0 mM MnCl 2 and 100 g/ml BSA. After optimization of reaction buffer, all reactions (20 l) were performed in buffer containing 20 mM Tris-HCl (pH 8.0), 40 mM NaCl, 1.0 mM DTT, 1.0 mM MnCl 2 and 100 g/ml BSA. One pmole oligonucleotides or dsDNAs with various termini (Supplementary Table S2) were incubated with specified concentrations of PfuHAN or its mutants at 55
• C for indicated times. After incubation, an equal volume of stopping buffer (90% formamide, 100 mM EDTA and 0.2% SDS) was added to the reaction. Subsequently, the reactions were subjected to 8 M urea-denatured 15% polyacrylamide gel electrophoresis. After electrophoresis, the gels were imaged and quantified using an FL9500 fluorescent scanner (GE Healthcare).
Crystallization
Full-length PfuHAN and its C-terminal DHH nuclease domain (PfuHAN DND, peptide from 305 to 739) were used for crystallization after a three-step purification including Ni 2+ -affinity, ion-exchange and gel-filtration chromatography. Affinity-purified proteins were fully dialyzed using buffer A (25 mM HEPES (pH 8.0), and 25 mM NaCl) and loaded onto a MonoQ cation exchange column (GE Healthcare) pre-equilibrated with buffer A. PfuHAN and PfuHAN DND were eluted with 250-500 mM NaCl. Fractions containing target proteins were first pooled and concentrated using a 30-kDa Amicon Ultra-15 centrifugal filter (Millipore) and then further purified using a 120 ml Hiload Superdex 200 column (GE Healthcare) with a buffer containing 25 mM HEPES (pH 8.0), and 150 mM NaCl. The fractions containing PfuHAN and PfuHAN DND were pooled and concentrated to 20 mg/ml for crystallization. Selenomethionine-labeled (SeMet) PfuHAN DND was expressed using the E. coli strain BL21 (DE3) in a defined medium and purified similar to the native protein.
After failing to obtain a crystal for PfuHAN after multiple attempts, we tried and succeeded in crystalizing PfuHAN DND. PfuHAN DND crystals were grown at 4
• C using the hanging drop vapor-diffusion method by mixing equal volumes of protein and reservoir solution consisting of 4% PEG 400, 100 mM sodium acetate/acetic acid (pH 5.5), 1.4 M Li 2 SO 4 , and 100 mM MgSO 4 . After 1 week, crystals were stabilized and cryoprotected by socking into a reservoir solution containing 20% glycerol and followed by flash cooling in liquid nitrogen. The SeMet protein was crystallized using the same method.
Data collection and structure determination
X-ray diffraction data were collected at 100 K on the BL19U1 beamline at the National Centre for Protein Sciences Shanghai (NCPSS) at the Shanghai Synchrotron Radiation Facility (SSRF). Diffraction data were indexed, integrated and scaled using HKL2000 (27, 28) .
The Se-derivative structure of PfuHAN DND was determined using the AutoSol programme from the PHENIX software suite (29) . The initial model was refined using REFMAC5 (30) from the CCP4 programme suite and interactively rebuilt using A-weighted electron density maps with coefficients 2mFo-DFc and mFo-DFc in the COOT programme (31) . Refinement converged to an R-factor of 18.66% and R-free of 20.18%. The stereochemical quality of the final model was assessed using MolProbity (32) . All structural figures were prepared with PyMOL (DeLano Scientific). Data collection and refinement statistics for the PfuHAN DND structure are shown in Supplementary Table S3.
Identification of the PfuHAN-bound metal ions
The metal ions bound in PfuHAN were determined as follows. First, the freeze-dried protein was digested using 2 ml HNO 3 in a microwave digestion system (Anton Paar, Multiwave 3000, Austria). Then, the mixture was cooled to room temperature and adjusted to a final volume of 10 ml with Milli-Q ultrapure water. Finally, the metal ion content was measured via inductively coupled plasma mass spectrometry (ICP-MS, Thermo Fisher, iCAPQ, USA). Standard solutions for Ni 2+ , Mn 2+ and Mg 2+ ranging in concentration from 20 to 100 ppb were prepared from analytically pure reagents using Milli-Q ultrapure water. Buffer and Milli-Q ultrapure water were used as controls in the assays. No measurable quantities of metal ions were detected in the controls.
Characterization of the PfuHAN DND trimer complex
Protein crosslinking with BS3 was performed according to the manufacturer's instructions (Thermo Scientific). The crosslinking reagent BS3, with a final concentration of 5 mM, was mixed with the protein samples (1.0-2.0 mg/ml) and dissolved in buffer consisting of 20 mM HEPES (pH 7.5), 100 mM sodium phosphate, 150 mM NaCl, and 100 mM carbonate. To crosslink the potential protein complex, mixtures were incubated at room temperature (RT) for 30 min. The reaction was terminated by adding a final concentration of 40 mM Tris-HCl (pH 7.5) and 40 mM glycine and incubated at RT for 15 min. After stopping the crosslinking reaction, samples were subjected to 15% SDS-PAGE to validate generation of the cross-linked complex.
Gene knockout and phenotype assay
The full-length han gene (ORF Hvo1018) and its 5 and 3 region, which respectively encode the N-terminal nonnuclease fragment and C-terminal DND, were deleted in H. volcanii using the Pop-in/Pop-out method according to the protocol reported by Allers (33) . Genotypes of geneknockout strains were first analysed by PCR using 5 and 3 flanking primers, and the resulting amplified fragments were sequenced to confirm gene disruption.
WT and mutant H. volcanii strains ( han, ntd, dnd) were grown aerobically at 45
• C overnight in Hv-YPC rich medium. In growth curve assays, overnight cultures were diluted to an OD 600 of 0.05, and their growth was monitored for 32 h by taking OD 600 readings every 4 h. The DNA damage reagents H 2 O 2 , 4NQO, MMC, and MMS were added to the liquid medium at their respective concentrations. In drop dilution assays, cultures (2.3 × 10 6 cells/ml) were serially diluted 10-fold with 18% ASW. Diluted cultures were spotted on YPC plates with or without DNA damage reagents and incubated at 45
• C for 5-7 days. In survival percentage assays, overnight cultures were treated with 0, 2, 4 or 6 mM MMS in 18% ASW for 0.5 h and spread on YPC plates. Survival percentages were calculated by dividing the clone number of each treatment condition (2-6 mM MMS) by that of 0 mM MMS.
UPLC-Mass Spectrometry (ACQUITYTM UPLC & Q-TOF MS Premier) was used to confirm the accumulation of DNA damage in cells as described in previous methods with some modifications (34) . Genomic DNAs were extracted from 50 ml H. volcanii cells as described (33) and dissolved in 90% formic acid at a final concentration of 0.5 mg/ml. The DNA solution was incubated at 70
• C for 12 h to release bases, and then 10 volumes of ddH 2 O was added. Finally, the supernatant was collected by centrifuging at 6000 g for 10 min and vacuum dried at −50
• C. The lyophilizate was dissolved in 50 l 0.1% formic acid for analysing the content of N3-methyladenine by UPLC-MS.
Yeast two-hybrid assays for identifying interaction between HAN and hef
Yeast two-hybrid assays were performed to identify the interaction between Hef and HAN nucleases using the Matchmaker™ Gold Yeast Two-hybrid System (Clontech) according to the manufacturer's protocol. The IDR fragment of P. furiosus Hef (PfuHef) nuclease was inserted into the pGADT7 plasmid, encoding the activation domains, and the fragments corresponding to each domain of PfuHAN were inserted into the pGBKT7 plasmid, encoding the GAL4 DNA binding region. Next, constructed pGADT7 and pGBKT7 series plasmids were cotransformed into yeast strain Gold, and transformants were selected on S.D. medium lacking Leu and Trp at 30
• C for 3 days. Finally, selected transformants were cultured in liquid medium and spotted onto SD plates lacking Leu, Trp, and His. Yeast cells were grown at 30
• C for 4 days for analyzing potential interactions.
Homologous modeling and molecular dynamics stimulation
A ssDNA of 5 -GATGTAC-3 was first built in PYMOL-1.8 (35) , and subsequently, an optimized conformer of the ssDNA was docked into the crystal structure of PfuHAN DND in AUTODOCK (36) . The AMBER14 suit package (37) was used to construct solvent-protein systems and perform molecular dynamic simulation. For the simulation, appropriate ions were added to the system as counterions lead to neutrality. Next, the protein-DNA complex and ions were solvate in a truncated octahedron box of TIP3P waters with a water thickness of 10Å. Long-range electrostatic interactions were calculated using the Particle Mesh Ewald (PME) algorithm (38) . Bonds involving hydrogen atoms were constrained using the SHAKE algorithm (39) . All systems were minimized to 40 000-step with steepest descent method, then with heating for 20 ps and equilibrating for 20 ps in the NVT ensemble at room temperature. To refine the conformers of this PfuHAN DND-ssDNA complex, a single trajectory for the system was simulated at 300K with ff14SB force fields. Fifty nanosecond simulations were adequate for the system to converge. Furthermore, routine analysis of trajectory sampling was carried out using the CPPTRAJ in Ambertools14 (40) . Calculation of the average conformer and its receptor-ligand interaction were performed using in-house programs (41, 42) .
RESULTS
HAN belongs to the DHH phosphoesterase superfamily
Although TkoHAN has been reported as an intrinsic 3 -exonuclease (8), little is known about its biological function(s) in vivo and in vitro. Sequence multi-alignment shows that the HAN C-terminal peptide has some sequence similarity to members of the DHH phosphoesterase superfamily, with a similar domain combination to DHH nucleases ( Figure 1A ). Its C-terminal peptide, ranging from aa 350 to 740, has typical motifs I-VII that are conserved in DHH phosphoesterase superfamily members ( Figure 1B) . HAN belongs to the DHHA1 subsuperfamily with a diagnostic motif of 'GGGH' (motif VII). In addition to the C-terminal DHH nuclease domain, HAN and YybT (23) also have other N-terminal domains ( Figure 1A ). HAN has three Nterminal domains, including a DnaJ Zn-finger (DnaJ-Zf), a ribosomal protein S1-like (RpS1-like) domain, and an oligonucleotide/oligosaccharide-binding (OB) fold. Phylogenetic tree analysis shows that the HAN family is a specific branch separated from other DHH phosphoesterase families, including Nrn, RecJ, GAN and YybT (Supplementary Figure S1) . Interestingly, HAN is only commonly present in Euryarchaeota and is not found in other phyla in archaea or bacteria (Supplementary Figure S2 and Tables S4 and S5 ). Conservation in motifs I-VII imply that each member of the DHH superfamily evolved from a common ancestor.
PfuHAN possesses intrinsic 3 -exonuclease activity
To understand the enzymatic properties of HAN in detail, we selected PfuHAN to characterize its nuclease activity. As a multi-domain protein, PfuHAN and its mutants showed some degradation during recombinant expression and affinity purification ( Figure 2A ). PfuHAN is shown in purple at a higher concentration (Supplementary Figure  S3A) . The purple colour is derived from the N-terminal domains (residues 1-350). After scanning the absorption values at wavelengths ranging from 220 to 750 nm, the protein showed a specific absorption peak at 350 nm (Supplementary Figure S3B ).
PfuHAN displayed strong 3 -exonuclease activities on ss-DNA and released the 3 -single nucleotide product (Figure 2B) . To exclude the possibility that the activity was from contaminating E. coli nucleases, site-directed mutations of conserved residues, including D364A+D366A (M1), 461DHH463>AAA (M2), and 706GGG708>LIL (M3), were used to detect the nuclease activity. All three mutants inactivated the nuclease ( Figure 2B ), verifying that the hydrolysis of ssDNA by PfuHAN was not caused by contaminants. Ten nM of PfuHAN is sufficient to degrade the 3 -FAM-labeled ssDNA, indicating that the FAM group does not block hydrolysis of the first phosphodiester bond.
After confirming PfuHAN nuclease activity, hydrolysis reactions were optimized using the 3 -FAM-labeled ssDNA substrate. The optimized parameters include the pH value, ion strength, divalent metal ions and Mn 2+ concentration. PfuHAN showed the highest activity at pH 8.0 (Supplementary Figure S4A ). Divalent ion Mn 2+ is the most effective metal cofactor (Supplementary Figure S4B) , with an optimal concentration of 2.0 mM (Supplementary Figure S4C) . PfuHAN displayed higher activity at lower NaCl concentrations (Supplementary Figure S4D) .
In addition to ssDNA, PfuHAN also showed intrinsic 3 -exonuclease activity on ssRNA ( Figure 2C ). However, PfuHAN showed a slight preference for ssDNA. To further confirm the hydrolysis direction of PfuHAN, fully phosphorothioated (PT) 23-nt ssDNA and ssRNA were used to characterize the degradation reactions. Results show that PfuHAN can degrade 5 -FAM-labeled fully PT ssDNA and ssRNA into ladders ( Figure 2D ). Only a small amount of 3 -nucleotide product was generated from 3 -FAM-labeled fully PT ssDNA, indicating that the 3 -FAM fluorescent group also inhibits degradation of the first 3 -nucleotide ( Figure 2D ). These results confirm that PfuHAN is a genuine 3 -exonuclease. The 3 -phosphate group strongly inhibits the removal of the first 3 -nucleotide in ssDNA and ssRNA (Supplementary Figure S5) , suggesting that the free 3 -hydroxyl group is requisite for the efficient hydrolysis of the first phosphodiester bond.
Single-stranded oligonucleotides of different lengths were used to characterize the length preference of PfuHAN. Based on the degradation degree of various substrates (Figure 2E) 
To determine whether PfuHAN possesses 3 -exonuclease activity on dsDNA, different dsDNAs with various secondary structures were used as substrates in the exonuclease assay. As shown in Figure 2F , no product was detected for dsDNAs with 3 -blunt or 3 -recessive structures. However, PfuHAN could degrade dsDNAs with a 14-nt forked or 3 -overhang termini, generating fully digested product (5 -FAM-labeled nucleotide) after long time incubation (two middle panels in Figure 2F ). Although the 3 -overhang or fork of dsDNAs is longer than the 12-nt ssDNA, its cleavage activity is clearly decreased against the 12-nt ssDNA (Figure 2E and F) . A possible interpretation is that the junction of single-stranded and double-stranded structures exerts some inhibition on the binding and hydrolysis of singlestranded regions.
The C-terminal DHH phosphoesterase domain provides the exonuclease activity
As a multi-domain protein, the function of each domain of PfuHAN needs to be determined, especially to identify the core domain(s) responsible for nuclease activity. We first confirmed that the N-terminal domains had no detectable nuclease activity (Supplementary Figure S6) . To decipher the detailed function(s) of the N-terminal DNA-binding domains in hydrolysing phosphodiester bonds, five truncated PfuHAN proteins were designed ( Figure 3A) . Each truncated protein is 95% pure, except for truncation D5. Among them, PfuHAN-D1, which has an intact DND and a largely disrupted OB-fold domain, displayed the least efficient hydrolysis of ssDNA and ssRNA ( Figure 3B and C) . In contrast, PfuHAN-D2, which has a DND and intact OBfold domain, yielded more product than did HAN-D1. The other three truncated PfuHANs with partial N-terminal domain(s) showed comparable activity to full-length PfuHAN ( Figure 3B and C) . In summary, the degradation activities for ssDNA and ssRNA are proportional to the length of the truncated PfuHAN protein, indicating that the N-terminal non-nuclease domains in PfuHAN might promote DND nuclease activity by assisting with substrate binding.
Degradation of dsDNAs with a 7-or 14-nt 3 -overhang or fork were further characterized using the five truncated PfuHANs. Digestion of both the dsDNA duplex and 3 -ssDNA region is proportional to the length of the remain- Figure  S7A and B) . Native gel analysis of the conformation of ds-DNA substrates with 3 -overhang or fork, used in Supplementary Figure S7A and B, showed that the dsDNAs are in duplex conformation (Supplementary Figure S7C and D) . These results confirm that PfuHAN could digest a dsDNA duplex after loading onto and hydrolysing the ssDNA region of 3 -overhang or fork, which is similar to the digestion of dsDNA with 5 -overhang by bacterial RecJ nuclease (43) . Similar to 3´-protruding dsDNA, digestion of different length ssDNAs is also proportional to the length of the remaining N-terminal domain of PfuHAN (Supplementary Figure S7E) .
Kinetic parameters of full-length and truncated PfuHANs
To quantitatively compare the activity differences between various truncated PfuHAN proteins, the kinetics parameters of PfuHAN, D1, D2, D3, D4 and D5 were calculated by double-reciprocal plotting of the initial rate and substrate concentration (Table 1) . Removal of the N-terminal domains resulted in >10-fold increase of K m values, but affected k cat values less, suggesting that these non-nuclease domains participate in ssDNA or ssRNA substrate binding during phosphodiester bond hydrolysis.
We next attempted to examine the binding capabilities of full-length and truncated PfuHANs. Unfortunately, MST assays showed no clear substrate binding activity for PfuHAN (Supplementary Figure S8A) . Next, the binding capability of full-length PfuHAN was determined under various conditions by electrophoretic mobility shift assay. PfuHAN showed very weak binding activity for ssDNA and dsDNA with 3 -overhang or forks, even in the presence of metal Mn 2+ ions, and almost no bound DNAs were observed (Supplementary Figure S8B) . These results suggest that it is impossible to directly observe the effect of the Nterminal domains on substrate binding. In fact, we did not observe the binding of ssDNA by five truncated PfuHAN and full-length protein (Supplementary Figure S8C) .
PfuHAN DND adopts typical topology of the DHH superfamily
To understand the catalytic mechanism, we tried to solve the structure of PfuHAN. Despite intensive efforts, we were unable to obtain a crystal structure of full-length PfuHAN. Because the enzymatic activity is located at the C-terminal DHH nuclease domain, PfuHAN DND (corresponding to aa 305 to 739) was used to grow a crystal instead. The crystal structure of PfuHAN DND was determined at a 2.2-Å resolution (Supplementary Table S3 ). PfuHAN DND adopts a trimer complex topology (three molecules in an asymmetric unit), and each subunit consists of an N-terminal DHH and a C-terminal DHHA1 domain connected by a long helix linker ␣13 (corresponding to residues 585-613) ( Figure  4A-C) . The N-terminal DHH domain adopts a mixed ␣/␤ fold featuring a 5-stranded parallel ␤-sheet at its core. The residues from motifs I-IV come together to form the active site for coordinating the divalent metal cofactor and the ordered water molecule, which is activated for nucleophilic at- The structures of PfuHAN DND (pink), catalytic core (DHH and DHHA1 domain) of Thermus thermophiles RecJ (green, PDB 1IR6), TkoGAN (purple, PDB 5GHT), Streptococcus gordonii PPase (cyan, PDB 1K20), and BsuNrnA (yellow, PDB 5J21) are superposed. (E) Multiple sequence alignment of the HAN DHH-DHHA1 nuclease domains. The alignment was performed using multiple sequence alignment programmes ClustalW and was manually modified to take into account the secondary structural prediction. Completely and partially conserved residues are shaded in dark and light, respectively. Secondary structural elements in PfuHAN DND are represented at the top of the sequences. The horizontal cylinders indicate ␣-helices, and the arrows indicate ␤-strands. The mutated conserved residues for coordinating metal ions (D364, D366, D436, H462, H463 and D528), binding substrates (H362, R402, D461, R507, R529, K567, R587, S641, K644, K654, R676, G706, G707, G708, H709 and S714), and forming trimeric complexes (E390, R449, E598, R424, and E562) are indicated with red, blue, and black asterisks, respectively, above the PfuHAN sequence. The HANs are from Pyrococcus furiosus (Pfu, PF0399), Methanocaldococcus jannaschii (Mja, MJ1198), Haloferax volcanii (Hvo, Hvo1018), Archaeoglobus sulfaticallidus (Asu, Asulf01445) and Methanoregula boonei (Mbo, Mboo1586). tack on the phosphodiester bond in the backbone (44) (45) . The C-terminal DHHA1 domain also adopts an ␣/␤ fold with a central mixed ␤-sheet and helices. The DHHA1 motif (motif VII) located at the loop between helix ␣16 and ␤10 is responsible for recognizing specific substrates. Although the amino acid similarity among DHH superfamily members is less than 20%, a Dali search revealed that their three-dimensional structures are notably similar. The topology of PfuHAN DND is similar to the structures of several DHH superfamily members ( Figure 4D , and Supplementary Figure S9 ), including bacterial RecJs (44) (45) (46) , GAN (47), NrnA (48) , and PPase (49) . Each of them has an N-terminal DHH and a C-terminal DHHA1/2 domain, suggesting they might have evolved from a common ancestor. However, the long alpha helix connecting the DHH and DHHA domains are slightly different. Family II PPase and BsuNrnA incorporate a split helix (Supplementary Figure  S9C and E), while the other proteins adopt a long intact helix (Supplementary Figure S9A, B, D) . However, BsuNrnA, RecJ, GAN, and PfuHAN DND have conserved residues for coordinating metal ions and binding substrates ( Figure  4E ).
Conserved residues for binding metal ion and substrates
In several DHH superfamily members, such as bacterial RecJ, motifs I-IV are involved in coordinating a divalent metal cofactor that is necessary for hydrolysing the phosphodiester bond (44) (45) (46) . In PfuHAN DND, residues D366, D436, H462 and D528 ( Figure 5A ) are responsible for binding Mn 2+ . Mutation of these conserved key residues resulted in inactivation of the nuclease activity ( Figure 5B , left panel), suggesting that these conserved residues are involved in coordinating Mn 2+ , which is the PfuHAN exonuclease cofactor. The quantitative results on bound Mn 2+ by wt and mutant PfuHANs confirmed that the mutant enzymes lost the capacity to bind metal ions (Supplementary Figure S10A) .
The complex structure of Deinococcus radiodurans RecJ (DraRecJ) with ssDNA showed that several conserved residues are responsible for substrate binding (45) . In PfuHAN DND, residues R507, R587, R676 and H709 ( Figures 4E, 5A ) correspond to the residues required for DraRecJ to bind ssDNA and are supposed to be involved in binding longer oligonucleotides. Similar to bacterial RecJ and archaeal GAN nucleases, mutation of these conserved residues in PfuHAN inactivates the nuclease ( Figure 5B , right panel), indicating that these motifs are required for PfuHAN to bind substrates. However, it is impossible to verify the effect of mutated residues on substrate binding due to the low affinity of wt and mutant PfuHANs to DNA (Supplementary Figure S8B and S10B) .
Because of the absence of co-crystal structures for PfuHAN DND and ssDNA, we studied their interaction by molecular dynamics stimulation. The ssDNA is bound in the cleft between DHH and DHHA1 domains ( Figure  6A-C) . The interaction strength between PfuHAN DND and ssDNA, including salt bridge, hydrogen bond and hydrophobic interaction, were analysed ( Figure 6D ), and the main interactional residues are shown in Figure 6C and D. Based on the computational results for the interaction, a series of residues that have strong interactions with phosphate groups, deoxyriboses, and bases were chosen to verify their roles in hydrolysing phosphodiester bonds ( Figure  6E ). Results show that H362, R676 and H709, which bind the two phosphate groups at the 3 -terminus via salt bridge or hydrogen bond ( Figure 6D ), are crucial to the enzymatic activity. However, residues R529, K567, K644 and K654, which are involved in binding the phosphate groups located far from the 3 -termimus (the third and fourth ones from the 3 -end), play a smaller role in degrading ssDNA. The two residues for binding bases R402 and S714 have no detectable effect on degradation, which is consistent with that the fact PfuHAN has no specific sequence selectivity on DNA. In summary, the residues interacting with the phosphate groups adjacent to the 3 -terminus are key for removing the 3 -nucletide.
Interaction and function of the PfuHAN trimeric complex
Unlike BsuNrnA, which forms a dimer via interactions between two DHHA1 domains (48), PfuHAN forms a symmetric trimer through both DHH and DHHA1 domains, as well as the helix linker ␣13 (Figure 7A and B) . The interaction strength of each subunit is primarily dictated by hydrogen bonds and salt bridges. The residues E390, R424, R449, E562 and E598 form three salt bridges, one of which exists between E390 and R424, while the other two are between R449 and E562/E598 ( Figure 7B ). We disrupted the salt bridge by introducing site-directed muta- tions into PfuHAN DND and analysed mutant quaternary structures ( Figure 7C ). The chemical reagent BS3, which can crosslink the protein complex into a polymer, was used to confirm whether the trimeric form of each mutant was disrupted. Among the five mutants, which were expected to disrupt the interactions between each subunit in the complex, the E390A, R449A and E598A mutants generated very few cross-linked polymers ( Figure 7C ), indicating that the three residues participate in trimer formation. However, the R424A and E562A mutants could still form polymers comparable to the WT enzyme ( Figure 7C ), indicating that these residues do not participate in trimer formation. Gelfiltration experiments also confirmed the trimeric form of PfuHAN DND and the E562A mutant, as well as the single subunit form of the E390A mutant (Supplementary Figure  S11) . In summary, the contribution of the residues in forming the trimeric complex is in the following order: E390 > E598 > R449 > R424 > E562.
As a homologous trimer, PfuHAN DND might promote its activity by forming the trimer complex. After confirming the quaternary structures, effects of the interacting residues on nuclease activity were characterized, and all five mutants exhibited reduced activity ( Figure 7D ). The decreased activity of E390A, R449A, and E598A might have resulted from trimer disruption. However, because the R424A and E562A mutants, specifically the E562A, exist as partial trimers, it is possible that R424 and E562 impairs catalytic steps of key residues.
Physiological roles of HAN in resisting DNA damage
The Haloarchaea H. volcanii was used to investigate the function of HAN in vivo. Before constructing the H. volcanii han mutant, we first analysed the nuclease activity of H. volcanii HAN (HvoHAN, ORF Hvo 1018). HvoHAN has the domains similar to PfuHAN and TkoHAN, while lacking the N-terminal first domain DnaJ-Zf (Supplementary Figure S12A) . Three HANs show high sequence similarity and have the same conserved residues and motifs I-VII (Supplementary Figure S12B) . The recombinant HvoHAN (Supplementary Figure S12C) has the same 3 -exouclease activity as PfuHAN (Supplementary Figure S12D ). These results indicate that H. volcanii is suitable for studying the physiological roles of han gene in vivo.
The han mutant strain was constructed in H. volcanii by deleting the entire ORF Hvo 1018 (Supplementary Figure  S13A and B) . The growth of the han mutant was first compared with that of the wt strain under standard growth conditions in YPC medium. However, no differences in growth were noted between the wt and han strains (Supplementary Figure S13C Figure S14A-D) . However, no sensitivities to H 2 O 2 , 4NQO, or MMC were observed for han mutants in the drop dilution plating assay (Supplementary Figure S14 E, G and H) , where even higher concentrations of DNA damage reagents were used. Deletion of the han gene does not result in sensitivity to MMC in Thermococcus kodakarensis (51) . Consistent with the retarded growth curve, han mutants showed sensitivity to 6.0 mM MMS in the drop dilution plating assay (Supplementary Figure S14F ).
After confirming that the han gene is involved in the repair of DNA damage in response to MMS, its gene fragments encoding the N-terminal non-nuclease and Cterminal DHH nuclease peptide ( Figure 8A The N3-methyadenine in han mutant is clearly higher than that in wt cell (Supplementary Figure S15) , indicating that HAN plays a direct role in DNA repair.
To understand the interaction between HAN and the IDR of Hef nuclease (8, 51) and its potential function during coordinately treating DNA damage (51), we identified the interactional domain of PfuHAN with the IDR of PfuHef via yeast two-hybrid assays. The DHH domain of Cterminal DND interacts with the IDR of PfuHef, but other domains, including the N-terminal domain, DHHA1 domain and the linker between DHH and DHHA1, do not interact with IDR ( Figure 8A and D) . Considering that PfuHAN interacts with the IDR of Hef nuclease via its DHH domain of DND, it might be that the DND takes part in resisting MMS via its nuclease activity and/or forming repair complex with Hef nuclease, which is responsible for repair of the halted DNA replication fork generated by the DNA damage reagents MMS, aphidicolin, and hydroxyurea (8,51-53)
DISCUSSION
Substrate specificity and hydrolysis direction
Each DHH family nuclease has a unique substrate preference, meaning that the mode of substrate binding might be different and responsible for the hydrolysis polarity. PfuHAN prefers long strand DNAs, while YybT is a hydrolytic enzyme for cyclic dinucleotides c-di-AMP. The reduced efficiency of PfuHAN to hydrolyse oligonucleotides shorter than 6 nt reflects that the length of binding patch is approximately 6 nt and cannot accommodate shorter substrates perfectly. Our simulation results on PfuHAN DND binding ssDNA also confirmed this possibility (Figure 6A-D) . Meanwhile, the binding patch is not wide enough to ac- commodate double-stranded substrates. Both ssDNA and ssRNA can be degraded, suggesting that HAN has no specific recognition residues or discrimination of the ribose 2 -OH. In comparison, bacterial RecJ can only hydrolyse ssDNA, not ssRNA. Although the structure of bacterial DraRecJ in complex with ssDNA has been solved and the conserved residues for binding ssDNA have been identified (46) , the mechanism of excluding ssRNA, i.e. the steric gate for ribose, has not been elucidated. In contrast to bacterial RecJ, bacterial NrnA can hydrolyse short ssRNA (nanoRNA), pAp, and c-di-GMP, but not ssDNA (48, 54) . In the structures of NrnA, the split alpha helix connecting the DHH and DHHA1 domains further separates the two domains and forms a wide and short binding patch that supports the hydrolysis of short nanoRNA, c-di-GMP and pAp (48, 54) . Therefore, it might be plausible to identify the residues in bacterial RecJ that sterically repulse the ribose by comparing differences in the substrate binding patches of HAN, NrnA, and RecJ.
In addition to substrate diversity, the hydrolysis polarity of oligonucleotide is also diversified in DHH family nucleases. Bacterial RecJ is a 5 -exonuclease (55) , and archaeal HAN is a 3 -exonuclease (8, 51) . In contrast, NrnA is a bidirectional exonuclease (48) , while archaeal GAN has a more complicated hydrolytic polarity: 5 -exonuclease specific for ssDNA and 3 -exonuclease for ssRNA (15, 16, 56, 57) . The 5´-phosphate-binding pocket, which consists of the polar residues R109, R280, S371, and R373, is present above the DraRecJ active site and determines the 5´-3´polarity of RecJ for ssDNA (46) . The structure of PfuHAN DND does not have this specific pocket for binding the 3 -nucleotide; thus, it might determine the hydrolysis polarity based on the full binding patch for single-stranded substrates (Figure 6D) . The conserved residues R262 and R264 in BsuNrnA are key residues for determining the 3 -5 digestion of nanoRNA (48) . NrnA also hydrolyses the cyclic dinucleotides c-di-AMP and c-di-GMP and does not require a specific pocket for determining hydrolysis polarity (48, 54) . In the future, solving the co-crystal structure of HAN and ssDNA or ssRNA will be important to elucidate its catalytic mechanism, including its hydrolysis polarity.
The alpha helix connecting the DHH and DHHA domains is another structural feature for classifying the DHH family. Bacterial RecJ and PfuHAN DND have a long intact alpha helix, while NrnA and PPase have a split one, resulting in a widened cleft for binding cyclic dinucleotides (48, 49, 54) . Considering that NrnA and PPase can hydrolyse the phosphoester bond of non-oligonucleotide substrates, cyclic dinucleotides (48, 54) and inorganic pyrophosphate (49, 57) , it is possible that the split alpha helix is an element that determines the substrate specificity and the kind of phosphoester bond to be hydrolyzed. 
Function of N-terminal domains
Aside from the DHH nuclease domain, HAN also possesses three additional N-terminal domains. Our results demonstrated that the N-terminal DnaJ-Zf, RpS1-like, and OBfold domains all increase the hydrolytic activity of the Cterminal DND, possibly by promoting its substrate binding. The nucleic acid binding activity of these three domains has been confirmed in other proteins. The Zn-finger domain has been reported to recognize and bind DNA sequences (58) . The OB-fold and RpS1-like domains are considered to play important roles in ssRNA binding (59) . In this scenario, as shown in the modeled structure of full-length PfuHAN (Supplementary Figure S16A) , the Nterminal domains might increase the interactions between the substrate and catalytic domain. Our kinetic parameters, specifically the increased K m value of various N-terminaltruncated PfuHANs (Table 1) , also support the key role of the N-terminal domain in substrate binding. Deletion of the C-terminal domain resulted in a slightly increased sensitivity to MMS ( Figure 8B and C), suggesting that the Nterminal domain might play a little role in repairing DNA damage in response to MMS. Meanwhile, it is important to solve the N-terminal non-nuclease domain to determine its function in substrate binding.
The HAN trimer complex functions as a higher activity nuclease
To date, the structures of several DHH phosphoesterase superfamily members have been solved, and all of them adopt a similar overall topology consisting of a typical DHH domain and DHHA domain. However, their quaternary structures are diverse, including monomeric RecJ (44) (45) (46) , GAN (47) and family II PPase (49, 60) , dimeric NrnA (48,61), and our solved trimeric PfuHAN. Exonuclease I from P. furiosus (PfuExoI), which does not belong to the DHH superfamily, shows high processive degradation and adopts a trimeric topology with an internal pore for ssDNA/ssRNA entry (62) . PfuExoI displays high affinity for ssDNA and ss-RNA. Unlike PfuExoI, PfuHAN exhibits very weak affinity to substrates. PfuExoI prefers ssRNA, while PfuHAN exhibits a slight preference for ssDNA. PfuExoI can degrade long substrates into 2-4 nt oligonucleotides via the coordinated hydrolysis of trimeric complex. PfuExoI and PfuHAN might coordinate to degrade DNA and RNA in vivo. Disruption of the PfuExoI complex, via D189R mutation, changes the processive cleavage into a distributive one. The modeled complex structure of PfuHAN DND and ssDNA shows that the three substrate entries are related and form a common central passageway (Supplementary Figure S16B) , suggesting PfuHAN takes a cleavage mode
